The Great Observatories All-Sky LIRG Survey (GOALS) is a comprehensive, multiwavelength study of luminous infrared galaxies (LIRGs) in the local universe. Here we present the results of a multicomponent, spectral decomposition analysis of the low resolution mid-IR Spitzer IRS spectra from 5-38 µm of 244 LIRG nuclei. The detailed fits and high quality spectra allow for characterization of the individual PAH features, warm molecular hydrogen emission, and optical depths for both silicate dust grains and water ices. We find that starbursting LIRGs, which make up the majority of the GOALS sample, are very consistent in their MIR properties (i.e. τ 9.7µm , τ ice , neon line ratios, and PAH feature ratios). However, as their EQW 6.2µm decreases, usually an indicator of an increasingly dominant AGN, LIRGs cover a larger spread in these MIR parameters. The contribution from PAH emission to the total IR luminosity (L(PAH)/L(IR)) in LIRGs varies from 2-29% and LIRGs prior to their first encounter show significantly higher L(PAH)/L(IR) ratios on average. We observe a correlation between the strength of the starburst (represented by IR8 =L IR /L 8µm ) and the PAH fraction at 8 µm but no obvious link between IR8 and the 7.7 to 11.3 PAH ratio, suggesting that the fractional PDR emission, and not the overall grain properties are associated with the rise in IR8 for galaxies off the starburst main sequence. We detect crystalline silicate features in ∼6% of the sample but only in the most obscured sources (s 9.7µm < -1.24). Ice absorption features are observed in ∼11% (56%) of GOALS LIRGs (ULIRGs) in sources with a range of silicate depths. Most GOALS LIRGs have L(H 2 )/L(PAH) ratios elevated above those observed for normal star-forming galaxies and exhibit a trend for increasing L(H 2 )/L(PAH) ratio with increasing L(H 2 ). While star formation appears to be the dominant process responsible for exciting the H 2 in most of the GOALS galaxies, a subset of LIRGs (∼10%) show excess H 2 emission that is inconsistent with PDR models and may be excited by shocks or AGN-induced outflows.
INTRODUCTION
Luminous Infrared Galaxies (LIRGs; L IR > 10 11 L ⊙ ) are relatively rare in the local universe but by z∼1 they dominate the co-moving infrared (IR) energy density (Le Floc'h et al. 2005; Magnelli et al. 2009 ). Thus not only do LIRGs represent a galaxy population that dominates the energy budget in the IR at an epoch when star formation was at its peak, but they also reflect a set of galaxies that has undergone rapid evolution since z∼1-2.
Given their high IR luminosities, LIRGs, especially those at z∼0, offer an ideal extragalactic laboratory for studying the features that dominate in the mid-infrared (MIR), particularly the emission from polycyclic aromatic hydrocarbons (PAHs). PAH emission is believed to originate from the transitive heating of small carbonaceous grains by UV photons in photodissociation regions (PDRs) and thus is a good tracer of star formation, even when that star formation is heavily dust obscured. The various possible rotational and vibrational modes of the carbon and hydrogen atoms that form PAH molecules have been well-studied in the laboratory and so clues as to the ionization state and size distribution of the extragalactic dust grains can be determined from measurements of various PAH ratio strengths. More than 85% of the MIR emission from LIRGs is produced by star formation (and not by an AGN; Petric et al. 2011) , and so LIRGs provide a variety of conditions (weak AGN, a range of merger stages, varying amounts of warm H 2 , deep silicate obscuration) within which to study PAH emission. In addition to grain size distribution and ionization state, PAHs, when linked to other galaxy properties, can reveal whether or not warm H 2 emission origi-nates from within PDRs (i.e. is traced by PAH emission) versus being triggered by shocks or X-ray heating (see for example Roussel et al. 2007; Zakamska 2010) , as well as the environments in which IR and UV emission decouple (through comparisons with the infrared excess, IRX).
A major effort to study LIRGs in the local universe is the Great Observatories All-sky LIRG Survey (Armus et al. 2009 ). The GOALS sample of 180 LIRGs and 22 ULIRGs represents a complete subset of the IRAS Revised Bright Galaxy Catalog (RBGS; Sanders et al. 2003 ) covering a range of dust obscuration and merger stages. In our first paper, we presented the low resolution IRS spectra for 244 nuclei within the 202 GOALS LIRG and ULIRG systems and some of the basic related measurements (EQW 6.2µm , s 9.7µm , MIR slope, as well as merger stage; Stierwalt et al. 2013 ). Here we present the results of a detailed spectral decomposition of these low resolution MIR LIRG and ULIRG spectra using the method described in Marshall et al. (2007) .
In Section 2, we briefly discuss the sample selection, as well as the data reduction and spectral fitting method. In Section 3, we present the results of the spectral decomposition, specifically how PAH emission relates to other PAH features (via PAH feature ratios), neon fine structure lines, the total L(IR), merger stage, obscuration (due to silicate dust grains and water ices), and UV properties (i.e. IRX). In Section 4, we discuss warm molecular hydrogen in LIRGs, including whether it is confined to PDRs, and some of the LIRGs with excess H 2 emission in the GOALS sample. We also explore the effects weak AGN may have on the MIR properties of LIRGs. Finally, we summarize our conclusions in Section 5.
OBSERVATIONS AND DATA ANALYSIS
2.1. The Sample Of the 180 luminous (10 11 < L IR /L ⊙ < 10 12 ) and 22 ultraluminous (L IR > 10 12 L ⊙ ) IR systems comprising the GOALS sample, several are multiple interacting galaxies that are resolved in the MIR. As a result, 244 individual galaxy nuclei were targeted for MIR spectroscopy using the low resolution Short-Low (SL: 5.5-14.5 µm) and Long-Low (LL: 14-35 µm) modules of the Spitzer Infrared Spectrograph (IRS; Houck et al. 2004) . New staring mode observations were obtained for 157 of the LIRG systems (PID 30323; PI L. Armus), and archival low resolution staring or mapping mode data were acquired for the remainder of the sample.
All 202 systems are nearby but cover a range of distances (15 Mpc < D < 400 Mpc) and so the resulting projected IRS slit width varies from source to source. At the median galaxy distance of 100 Mpc, the nuclear spectrum covers the central 1.8 kpc in SL and the central 5.2 kpc in LL. Since NGC1068 (the nearest GOALS galaxy at D = 15.9 Mpc) saturates the spectrograph, the closest sources for which results are presented here are NGC2146 (D = 17.5 Mpc) and NGC1365 (D = 17.9 Mpc) which are probed on sub-kpc scales by both the SL and LL slits. For the most distant galaxy in the sample, the ULIRG IRAS07251-0248 (D = 400 Mpc), the SL and LL slit widths translate to ∼7 kpc and 21 kpc respectively.
Data Reduction
The data reduction is described in detail and all 244 reduced GOALS spectra are presented in Stierwalt et al. (2013) along with tabulated values for 6.2-µm PAH equivalent widths, apparent silicate absorption feature depths, and MIR slopes for the entire sample. Briefly, staring mode spectroscopic data were reduced using the S17 and S18.7 IRS pipelines from the Spitzer Science Center 14 . One dimensional spectra were extracted using the standard extraction aperture and point source calibration modes in SPICE 15 which employs a tapered extraction aperture that averages roughly to a size of 10.
′′ 6×36. ′′ 6 in LL and 3. ′′ 7×9. ′′ 5 in SL. For the 18 systems with archival mapping mode data, spectra were extracted using CUBISM (Smith et al. 2007a) .
The three most prominent absorption features in the MIR are those due to silicate dust grains at 9.7 and 18.5 µm and ices at 6.0 µm. In all three cases, the extent of the extinction can be quantified in two different ways: the strength of the absorption feature, s λ and the optical depth, τ λ . The strength s λ is measured directly from the data (and thus does not rely on the result of the spectral decomposition) via: s λ = log(f λ /C λ ) where f λ is the measured flux at the central wavelength of the absorption feature and C λ is the estimated level of the continuum flux in the absence of the absorption feature, as derived from an extrapolation to the surrounding continuum. Thus, s λ > 0 indicates emission at that wavelength. This method for calculating s 9.7µm follows that of Spoon et al. (2007) and the resulting values for the GOALS galaxies are presented in Stierwalt et al. (2013) .
We also use our spectral decomposition method to derive optical depths corrected for extinction for the ices at 6.0 µm and the silicates at 9.7 µm, τ ice and τ 9.7µm . The level of dust obscuration in each source is determined by assuming the PAH-emitting dust grains are intermixed with a colder dust component that is positioned between the observer and a warmer dust component ). The warm dust component is thus assumed to be extinguished according to f warm = f warm,0 e −τ λ (screen geometry), while the extinction law applied to the PAHs follows f P AH = f P AH,0 1−e −τ λ τ λ
(mixed geometry), where f warm,0 and f P AH,0 are the emitted fluxes before they have been extinguished.
Spectral Fitting
To measure line and PAH feature fluxes, silicate optical depths, water ice absorption, and dust temperatures, each low resolution spectrum was fit using the Continuum And Feature Extraction (CAFE) spectral decomposition method developed by Marshall et al. (2007) . CAFE requires no prior knowledge of galaxy type or geometry and so is well suited for fitting the SEDs for sources that include both a starburst and an AGN and for sources where we do not have prior knowledge of the viewing angle geometry. An observed spectrum is decomposed into emission from old stellar populations (the interstellar radiation field), PAHs, atomic and molecular lines, and thermally heated graphite and silicate grains at several characteristic temperatures. We assume that warm dust grains are located behind a screen of obscuring graphite and silicate grains that are thoroughly mixed with PAHs, and that the amount of extinction to the warm dust and PAH components is a free parameter of the fitting procedure. To make spectral fitting possible, each spectrum from SL is scaled up by a constant multiplicative factor to match the larger LL slit, which covers nine times the area covered by the SL slit (i.e. slit widths of 10.
′′ 7 versus 3. ′′ 6). The scale factors are calculated from the wavelength coverage overlap in the SL1 and LL2 modules near 14 µm and are presented for individual sources in Stierwalt et al. (2013) . Excluding the 17 systems for which an additional nucleus falls within the LL slit compared to the SL slit, the scale factors range from 0.91 to 2 for 93% of the nuclei. The remaining fifteen sources with larger scale factors (i.e. scale factors between 2 and 5) are due to extended structure outside of the SL slit. Whenever features from SL and LL are compared in the following sections, the possible consequences of this scaling are discussed.
Of the 244 nuclear spectra in the GOALS sample, 10 are excluded from the analysis that follows because they lack complete IRS observations (NGC4922, IRASF08339+6517, ESO550-IG025 and IC4518), they saturate the spectrograph (NGC1068) 16 , or the archival SL staring mode observations were not centered on the galaxy nucleus (IIIZw035, IRASF03359+1523, MCG+08-18-013, IRASF17132+5313, and MCG-01-60-022). For the remaining 234 sources, an individual PAH or line feature is considered detected if the signalto-noise ratio is greater than 2.5. Among the fitted sources are two galaxies for which only Short-Low spectra are available (NGC2388 and VV705) so these are excluded from any plots involving features at λ obs > 14 µm (i.e. the PAH emission complex or the H 2 S(1) line at ∼17 µm). Also excluded from any analysis at λ obs > 14 µm are 12 sources for which multiple nuclei fell in the Long-Low slit but not in the Short-Low aperture (CGCG448-020, ESO077-IG014, ESO173-G015, ESO255-IG007, ESO343-IG013, ESO440-IG058 (northern nucleus only), IRAS03582+6012, IRASF06076-2139, NGC5653, NGC6090, NGC3690 (western nucleus only), and NGC5256). Only 3 sources do not have enough silicate absorption, PAH, or emission line features to produce a reliable fit, IRAS05223+1908, Mrk 231 (or UGC08058), and NGC1275, and so are considered PAH and spectral line nondetections.
Six sources are affected by very deep silicate absorption (ESO203-IG001; IRAS03582+6012 E; IRAS08572+3915, IRAS15250+3609; ESO374-IG032; and NGC4418) and the detailed structure between 8 µm-20 µm is not well-reproduced by the fit. These galaxies are discussed in more detail in Sections 3.5.1 & 3.5.2.
We compare the results from CAFE to those derived from the PAH fitting program PAHFIT (Smith et al. 2007b) for the same set of GOALS sources and find the results to be largely consistent. For the PAH feature ratio of L(6.2 µm)/L(7.7 µm), the results for 90% of the GOALS sample agree within 10%. The biggest difference between the two fitting techniques results from different treatments of extinction due to both silicates (since CAFE includes silicate feature emission in unextinguished dust components, see Marshall et al. 2007) and ices (which PAHFIT does not model). The difficulty of applying other MIR dust models, normally used for starburst galaxies, to the heavily obscured GOALS LIRGs was also noted by Dopita et al. (2011) who derived silicate absorption parameters using an empirical fitting technique instead. These different approaches used by CAFE and PAHFIT affect most noticeably the flux derived for the 11.3-µm PAH complex which is nearest to the center of the 9.7-µm silicate absorption feature. For the dustiest sources, the resulting PAH fluxes derived from the two methods differ by as much as 40%. However, the derived L(11.3 µm)/L(7.7 µm) flux ratio as measured by CAFE and PAHFIT agrees within 10% for 70% of the measured sources.
The results of the spectral decomposition for the GOALS sample as obtained by CAFE are presented in Tables 1 (PAH strengths, ice & silicate optical depths), and 2 (H 2 emission line strengths). No extinction correction has been applied to the H 2 line fluxes.
RESULTS
The basic MIR parameters measured directly from the spectra without requiring the detailed spectral decomposition (i.e. EQW 6.2µm , s 9.7µm , and Stierwalt et al. (2013) . We found that although local LIRGs cover a large range of MIR properties and any single LIRG cannot represent the class as a whole, the majority (63%) of LIRGs have EQW 6.2µm > 0.4 µm, s 9.7µm > -1.0, and MIR slopes in the range of 4 < F ν [30 µm]/F ν [15 µm] < 10. Although less numerous (only 18% of the sample), LIRGs with the largest contributions from AGN (those with EQW 6.2µm < 0.27 µm) cover a wider range of MIR slopes and silicate strengths than those sources of higher equivalent width that make up the majority of the sample. The sources with extremely low PAH equivalent widths (EQW 6.2µm <0.1 µm) separate into two distinct types: relatively unobscured sources with a very hot dust component (and thus very shallow MIR slopes) and heavily dust obscured nuclei with a steep temperature gradient. Figure 1 shows nine example spectra that represent the ranges of 6.2-µm PAH equivalent width, silicate depth and MIR slope covered by the sample together with the fits produced by CAFE.
3.1. A Uniform PAH Spectral Signature in Starburst LIRGs Dust grain geometry, size distribution, and ionization state can all affect the PAH feature ratios observed in the nuclear spectra. Our spectral decomposition method allows for the separation of line and PAH emission from the dust continuum and from the effects of silicate absorption and thus enables full modeling of the contribution from each component. The three most dominant PAH features (at 6.2, 7.7, and 11.3 µm) are plotted as ratios for GOALS galaxies both with and without an extinction correction in Figure 2 . Note that all three PAH features are observed in the SL portion of the spectrum and so their ratios are unaffected by the SL-to-LL multiplicative scale factors discussed in Section 2.3. The two tracks in each panel of Figure 2 represent the theoretical models of for purely ionized (lower track) and purely neutral (upper track) dust grains with grain size increasing toward the upper left. The 11.3-µm PAH is thought to originate from carbon-hydrogen bending modes of neutral grains, while the PAH emission at 6.2 and 7.7 µm is produced by carbon-carbon stretching modes of cations. Thus higher L(11.3 µm Complex)/L(7.7 µm Complex) ratios may indicate a lower fraction of ionized grains Allamandola et al. 1999) . Changes in PAH luminosity ratios may also reflect differing dust grain sizes as smaller dust grains are more likely to have higherfrequency vibrational modes and thus radiate at shorter wavelengths.
When extinction corrected (right panels), the LIRGs are highly concentrated around the average values L(11.3 µm Complex)/L(7.7 µm Complex) = 0.31 ± 0.10 and L(6.2 µm)/L(7.7 µm Complex) = 0.26 ± 0.06. Such a tight clustering is not observed, however, for the measured values without correction for dust extinction (left panels) where the dispersion in the PAH ratios is twice as high. Since the PAH feature at 11.3 µm is most affected by the nearby silicate absorption feature at 9.7 µm, the L(11.3 µm Complex)/L(7.7 µm Complex) ratio is more strongly affected by the extinction correction than the L(6.2 µm)/L(7.7 µm Complex) ratio. Correcting the PAH ratios for extinction both reduces the dispersion in the distribution shown in Figure 2 and shifts the entire distribution up, favoring a more neutral grain population.
In LIRGs where starbursts dominate the MIR emission (i.e. EQW 6.2µm ≥0.54 µm, the average EQW 6.2µm observed for the starbursts of Brandl et al. 2006 , lower panels), very little variation is seen in the PAH feature ratios (and thus the ionization states and grain size distributions) after correcting for extinction. However, the scatter increases with decreasing PAH equivalent width. The lowest equivalent width sources (EQW 6.2µm <0.27 µm; red circles) are not offset from the higher EQW sources but instead have an increased dispersion that is ∼35% larger than that observed for the highest EQW sources. A low PAH equivalent width requires a larger contribution from the hot dust continuum relative to PAH emission which typically indicates the presence of an AGN. Therefore, LIRGs with a larger fraction of their MIR emission produced by an AGN also have a much larger spread in their PAH ratios, an effect that is explored in Section 4.2.
The 17-µm PAH Complex
In addition to the more dominant PAH emission features at 6.2, 7.7, and 11.3 µm, a strong emission feature at 17 µm is also thought to originate from PAH bending modes (Smith et al. 2004; Werner et al. 2004; Peeters et al. 2004) . Together these four PAH features make up on average 73% of the total PAH emission in each GOALS LIRG. As shown in Figure 3 , the luminosities of the 6.2, 7.7, and 11.3-µm PAH features (red, purple, and blue circles) are 1.4-5.5 times stronger than that of the 17-µm PAH.
Although the correlations in Figure 3 support the association of the 17-µm feature with PAH emission, the inclusion of the 17-µm feature causes the largest spread in PAH ratios observed for the GOALS sample. In Figure 4 , the L(11.3µm Complex)/L(17µm Complex) ratio is plotted against the L(6.2µm)/L(7.7µm Complex) ratio and found to vary by a factor of five. The sources with the highest EQW 6.2µm (starburstdominated galaxies; blue stars) are not as highly clustered in (11.3µm Complex)/L(17µm Complex) as they are in the L(11.3µm Complex)/L(7.7µm Complex) ratio (seen in Figure 2 ).
The 17-µm PAH feature is observed in the LL module and so some of the scatter in Figure 4 may be due to the difference in SL and LL aperture sizes. However, the increased dispersion in L(11.3µm Complex)/L(17µm Complex) cannot be the result of aperture effects alone. If the scaling factors used to boost the SL-derived flux to match that observed within the LL aperture are removed from the L(11.3 µm Complex) measurements (i.e. we divide the 11.3-µm PAH flux by the same scale factor applied to the SL spectrum to allow the fitting), the spread in the L(11.3µm Complex)/L(17µm Complex) remains the same and the sources pushing the upper and lower range of the ratio show no significant changes. Only the mean ratio for the sample as a whole decreases slightly to L(11.3µm Complex)/L(17µm Complex)∼1.2. There is also no clear correlation observed between the PAH ratio and the distance to the galaxy, suggesting that while changing the fraction of the galaxy intercepted by the IRS slit may cause some points to move around in Figure 4 , the overall distribution remains the same.
The ranges of PAH luminosity ratios shown in Figures 2 and 4 for the GOALS sources are similar to those covered by the nearby, normal star-forming galaxies from the Spitzer Infrared Nearby Galaxies Survey (SINGS; Smith et al. 2007b) , the 24-µm selected systems of the 5mJy Unbiased Spitzer Extragalactic Survey (5MUSES; Wu et al. 2010) , the UV-selected nearby galaxies in the Spitzer SDSS Galaxy Spectroscopic Survey (SSGSS; O'Dowd et al. 2009) , and the slightly higher redshift LIRG sample of Shipley et al. (2013) . A similar clustering in PAH ratios was also observed for galactic photodissociation regions (PDRs) and Magellanic HII regions (Galliano et al. 2008) . These similarities suggest that the PDRs don't have fundamentally different properties in these different galaxy samples. One exception to this homogeneity across galaxy type and luminosity, the L(7.7µm)/L(11.3µm) ratio, is discussed in the next section. 18 . The PAH ratio varies by less than a factor of three across nearly two orders of magnitude of neon ratios, and thus over a large range of ionization states.
Despite covering the same range of ionization states, the SINGS nearby star-forming galaxies (shown by the black symbols in Figure 5 ) show a variation in the L(7.7µm Complex)/L(11.3µm Complex) ratio of up to a factor of 10 (Smith et al. 2007b) . Specifically, six of the SINGS sources for which >50% of the MIR emission is derived from an AGN (black asterisks) are found at low PAH luminosity ratios (L(7.7µm)/L(11.3µm) < 2) that are not reached by the GOALS sample. GOALS galaxies with low EQW 6.2µm , and thus a likely significant contribution from an AGN, clearly favor higher neon ratios as is observed for AGN-dominated SINGS sources, but these AGN only increase the scatter of the PAH feature ratio to both higher and lower values rather than just favoring low L(7.7µm)/L(11.3µm). Other PAH studies have claimed to see a preference for sources hosting an AGN to be found in the lower right corner of Figure 5 (Wu et al. 2010; O'Dowd et al. 2009 ), but all are based on only a few data points and, like GOALS, do not reproduce the clear tail observed for SINGS. The dispersion in this PAH ratio (and lack thereof) is discussed in more detail in Section 4.2.
The extinction corrections applied by CAFE (and not applied by PAHFIT used to produce the SINGS results) are not responsible for the lack of GOALS galaxies with L(7.7µm)/L(11.3µm) < 2. As shown in Figure 2 , removing the extinction correction would shift the GOALS galaxies to even higher L(7.7µm)/L(11.3µm) ratios. The applied SL-to-LL scaling factors also do not affect the L(7.7µm)/L(11.3µm) ratio, as both features are measured from the SL spectrum. In the absence of more detailed MIR spectral decomposition, the equivalent widths of the strongest 17 The neon ratios plotted here are derived from the CAFE fits to the low resolution spectra which follow the same distributions as the emission line fluxes derived from the high resolution spectra. The emission line fluxes are roughly 40% higher than those measured in the short-high module in part due to the larger slit size of the long-low module. We refer the reader to Inami et al. (2013) for a detailed discussion and comparison to models of the fine structure lines.
18 Although the inverse PAH ratio was plotted in Figure 2 and discussed in Section 3.1, the L(7.7µm Complex)/L(11.3µm Complex) ratio is used as a tracer of grain size and ionization state in Smith et al. (2007b) , so we quote it here for ease of comparison. Complex)/L(7.7µm Complex) for 226 GOALS sources color coded by the 6.2-µm PAH equivalent width (EQW 6.2µm ) as observed (left panels) and corrected for extinction (right panels). The highest equivalent width sources (EQW 6.2µm ≥0.54 µm) are plotted separately in the lower panels for clarity. Less variation is seen in the PAH ratios once we account for the obscuring dust. While the mean locus remains the same, there is a marked increase in the range of PAH ratios seen in the AGN-dominated sources compared to those that are starburst-dominated, suggesting an influence of the AGN on the PAH grains. The expected ratios for purely neutral and purely ionized PAHs derived from the dust models of ) are shown by a solid black lines with PAH grain size increasing toward the upper left. PAH features have been used as proxies for the relative strengths of dust continuum versus PAH feature emission. In particular, the EQW of the 6.2 or 7.7 µm features, which are both prominent and not substantially affected by extinction or blending with other MIR features, have been studied extensively as function of various physical parameters such as the metallicity (i.e. Wu et al. (2006) ) or AGN strength (i.e. Genzel et al. 1998; Laurent et al. 2000; Armus et al. 2007; Veilleux et al. 2009; Petric et al. 2011) . Our detailed, multicomponent spectral decomposition allows for the separation of not only the main PAH features discussed so far at 6.2, 7.7, 11.3, and 17 µm, but also the weaker PAH emission features (i.e. at 8.6, 12, 12.6, 13.6, 14.2, and 16 .4 µm) and thus provides an accurate measure of the total PAH contribution to the infrared lumi-
The L(PAH)/L(IR) fraction is shown in Figure 6 as it relates to EQW 6.2µm , L(IR), and merger stage for the GOALS sample. L(PAH) is derived from the CAFE fit to each nuclear spectrum and then scaled up to account for emission outside the slit. This multiplicative factor, which ranges from 0.8 to 8.8 and is given for all sources in [8 µm] > 10) -usually due to detailed, extended structure outside of the slit -were not included (see Stierwalt et al. (2013) for IRS slit projections shown on the IRAC 8-µm images). The L(PAH)/L(IR) for these eight sources ranged from 0.04 to 0.19. The total IR luminosities for all 202 U/LIRG systems were presented in Armus et al. (2009) and derived using the definitions of Sanders & Mirabel (1996) 19 . In cases of multiple nuclei, the total L(IR) for the system is divided according to the ratio of the fluxes at 70 µm for each nuclei. In a small number of cases, 70-µm images are not available and so 24-µm flux ratios are used instead. The contribution of the total PAH luminosity L(PAH) to the total IR luminosity L(IR) in 174 GOALS LIRGs (circles) and ULIRGs (triangles) is plotted against the equivalent width of the 6.2µm PAH (left panel) and log(L(IR)/L ⊙ ) (right panel). L(PAH) is derived from all measurable PAH features (i.e. at 6.2, 7.7, 8.6, 11.3 12, 12.6, 13.6, 14.2, 16.4 , and 17 µm) and then scaled up to account for emission outside the slit. Both plots are color-coded by merger stage as classified from HST and IRAC 3.6-µm imaging (see Stierwalt et al. 2013) . The 3-σ clipped average of L(PAH)/L(IR) for each merger class is shown by a vertical dashed line. Figure 6 , the fraction of PAH-to-IR luminosity ranges from 0 to 23% with a mean value of 8.3±5.8%. These are similar to the mean value and range covered by the lower luminosity SINGS galaxies (Smith et al. 2007b) and by LIRGs at slightly higher redshifts (0.02 < z < 0.6; Lagache et al. 2004; Shipley et al. 2013) . With a standard deviation of nearly 6%, however, the GOALS LIRGS are nearly evenly distributed across a wide range of PAH fractions. Even the starburstdominated LIRGs (EQW 6.2µm ≥0.54 µm) are found to have a standard deviation of 4.7% about a mean PAHto-IR luminosity of 9.5%.
For the LIRGs in
There is no linear correlation in either panel of Figure 6, but clear trends are observed. LIRGs with larger luminosity contributions from PAHs (L(PAH)/L(IR) > 10%) cover a narrow range of IR properties (i.e. EQW 6.2µm > 0.4 µm and log(L(IR)/L ⊙ ) < 11.5). However, LIRGs with lower luminosity contributions from PAHs (L(PAH)/L(IR) < 5%) are observed over nearly the full range of L(IR) and EQW 6.2µm . This suggests that sources can have a high EQW 6.2µm and still have low L(PAH)/L(IR), but cannot have a high L(PAH)/L(IR) without a high EQW 6.2µm .
The GOALS U/LIRGs in Figure 6 are also color coded by merger stage as presented in Table 1 of Stierwalt et al. (2013) . Each galaxy is classified in one of five categories: nonmergers (no sign of merger activity or massive neighbors; shown in purple), pre-mergers (galaxy pairs prior to a first encounter; light blue), early-stage mergers (postfirst encounter with galaxy disks still symmetric and in tact but with signs of tidal tails; green), mid-stage mergers (showing amorphous disks, tidal tails, and other signs of merger activity; yellow), or late-stage mergers (two nuclei in a common envelope; red). The 3-σ clipped average of L(PAH)/L(IR) for each merger class is shown by a vertical dashed line.
As shown in Figure 6 , LIRGs in an early-merger state have a slightly higher median PAH contribution (8.4%; green line) than nonmergers (7.3%; purple line), midstage mergers (6.3%; yellow line) and late-stage mergers (6.2%; red line) and are not found with ratios <3%. Pre-mergers, or double galaxy systems prior to a first encounter (i.e. no signs of tidal tails) have the highest median PAH contribution to the IR luminosity at 12.8% (light blue line). These galaxies may more closely resemble lower luminosity starbursting galaxies. The apparent decrease in L(PAH)/L(IR) for late stage mergers compared to pre-mergers is consistent with a higher fraction of low EQW 6.2µm sources and an excess of IR emission not associated with star formation. As shown in Figure 8 of Stierwalt et al. (2013) , the fraction of starburstdominated LIRGs declines significantly for later merger stages while the fraction of composite sources (those with a weak AGN that does not yet dominate over star formation in the MIR) increases. Despite these slight differences in merger stage medians, galaxies at each merger stage are observed over nearly the full range of L(PAH)/L(IR).
The GOALS ULIRGs (triangles) cover a much narrower range of L(PAH)/L(IR) (between 2 and 7%) with a median value of 2.5±1.4%, suggesting that PAH emission becomes substantially weaker in the ULIRGs. To illustrate this point more clearly, in Figure 7 , we plot the EQW 6.2µm as a function of νL ν [24 µm] for 190 GOALS LIRGs (purple circles) and a larger sample of 107 local ULIRGs from Desai et al. (2007) (red squares; see their From Figure 7 , we observe that over two orders of magnitude in νL ν (24 µm), the local LIRGs display an EQW 6.2µm of 0.5-0.7 µm, very close to the average for local starbursts (0.54 µm; dashed line) measured by Brandl et al. (2006) . This suggests that for the given luminosity range, the integrated star forming properties of the galaxies as well as the conditions of the ISM and the PDRs surrounding the massive star forming regions are all very similar. Only when we reach 24-µm luminosities close to 10 11 L ⊙ is a decrease observed and the EQW 6.2µm of the GOALS LIRGs sample drops to a value of ∼0.4 µm, approaching the trend indicated by the ULIRGs of Desai et al. (2007) .
Interestingly, higher redshift submillimeter galaxies (Menéndez-Delmestre et al. 2007 , blue stars) and composite star forming galaxies at z of 1 and 2 (Kirkpatrick et al. 2012 , green stars), do not follow this downturn. Instead we see that despite having higher rest-frame 24 µm luminosities than the LIRGs, their EQW 6.2µm remains high (EQW 6.2µm >0.48 µm). This is consistent with the larger sizes and gas fractions observed for SMGs compared to local ULIRGs (i.e. Daddi et al. 2010b; Genzel et al. 2010; Elbaz et al. 2011 ). At EQW 6.2µm =0.09 µm, the composite spectrum from the Kirkpatrick et al. (2012) sample representing AGN showing signs of silicate absorption at 9.7 µm (black triangle) is consistent with these objects having a very compact, highly obscured emitting region with a strong temperature gradient similar to the local ULIRGs, but the composite spectrum only represents a small fraction of the higher redshift galaxies in their sample. (z∼1) and open (z∼2) green stars. The black triangle represents the composite spectrum of Kirkpatrick et al. (2012) for AGN showing 9.7 µm silicate absorption. The horizontal dashed line shows the average EQW 6.2µm observed for the lower luminosity starburst galaxies of Brandl et al. (2006) and the solid line is the linear fit to the ULIRG sample from Desai et al. (2007) .
PAHs and the Starburst Main Sequence
Recent investigations have revealed that galaxies with high specific star formation rates (i.e. starbursts) separate themselves from a so-called main sequence of normal, star-forming galaxies in the ratio of total IR luminosity to rest-frame 8 µm luminosity, IR8 =L IR /L 8µm (Daddi et al. 2010a; Elbaz et al. 2011) . In particular, those galaxies with the most intense, compact starbursts have higher values of IR8 (Elbaz et al. 2011 , see also Díaz-Santos et al. (2010 for a discussion of how although the range of distances, and thus spatial extents probed by the slit, may contribute in a few specific cases, it is clearly not the dominant effect for the GOALS sample). As shown in Figure 8 , most GOALS galaxies are found above the star-forming main sequence (dashed line at log(IR8) ∼ 0.7). There is an inverse correlation (dashed-dotted line in the left panel) between IR8 and the PAH fraction at 8 µm 20 for sources with EQW 6.2µm >0.41 µm which suggests that compact, star-bursting LIRGs with high specific star formation rates have less PAH emission with respect to their IR emission than do star-forming galaxies on the main sequence. This relation is parameterized by log(IR8) = 2.8(±.3) − 3(±.5) × F RAC P AH [8µm]. LIRGs likely to harbor an AGN (i.e. those with EQW 6.2µm <0.41 µm; red circles & orange squares) show no correlation between IR8 and the contribution from PAH emission to the total flux. There is no obvious link between IR8 and the 7.7-µm to 11.3 µm PAH ratio (middle panel), but IR8 increases with the continuum flux ratio f(24 µm)/f(15 µm) (right panel).
Taken together, the three panels in Figure 8 suggest that destruction of smaller dust grains is not the cause of the higher IR8 observed in more compact starburst systems. Instead, since the grain size or ionization distribution is not changing but the overall flux contribution from the PAHs is decreasing for the higher EQW 6.2µm sources, there instead is likely less PDR emission relative to the emission in the IR. The increasing L(IR) shifts the peak emission to warmer dust temperatures which results in an increase in the emission at 24 µm relative to that at 15 µm. A relative decrease in PDR emission is consistent with the results of Inami et al. (2013) who saw no correlation between IR8 and the hardness of the radiation field as measured via emission lines from the ionized gas and of Díaz-Santos et al. (2013) who observed a correlation between [CII]/FIR, the average dust temperature, and the luminosity surface density of the associated MIR emitting region.
A recent analysis (Magdis et al. 2013 ) of the Herschel and Spitzer data for the 5MUSES, 24-µm selected sample of galaxies (Wu et al. 2010 ) finds an anti-correlation between IR8 and the 6.2-µm PAH equivalent width among star-forming galaxies and ascribes the change to variations in the PAH emission. We see a similar anticorrelation of IR8 with the fraction of PAH emission at 8 µm. However, we see no correlation of IR8 with the PAH band ratios, and the relatively small change in the PAH fraction at 8 µm (a factor of 1.4) cannot account for the rise of 5-10 times seen in IR8 among starburstdominated LIRGs in Figure 8 . This suggests that while the PAH emission decreases relative to the MIR continuum (less relative PDR emission), the change in IR8 is dominated by a rise in the IR emission, driven mostly by 20 We calculate the PAH fraction at 8 µm as:
where the PAH fluxes are not corrected for extinction and f IRAC ν (8 µm) is the total 8 µm flux within the IRS slit derived from convolving the IRAC 8-µm filter with the low resolution IRS spectrum.
the FIR (leading to increased f(24)/f(15) as shown in the right panel of Figure 8 ), and not an overall change in the properties of the small grains. The Si-O stretching and O-Si-O bending resonances of silicate dust grains produce broad absorption features in the MIR at 9.7 µm and 18.5 µm. Due to the large widths of these features (often spanning >1 µm), the silicate grains producing them are likely amorphous. The distribution of silicate strengths at 9.7 µm (s 9.7µm ) for the entire GOALS sample and the relation of s 9.7µm to other MIR properties were presented in Stierwalt et al. (2013) . We summarize those results here by noting that -3.58 < s 9.7µm <0.52 for the GOALS sample and that the GOALS ULIRGs are on average more highly obscured than the LIRGs with s 9.7µm ULIRGs = -1.28 and s 9.7µm LIRGs = -0.34. The MIR spectra for the most heavily obscured GOALS galaxies are given in Figure  9 . Together with IRAS08572+3915 (shown in Figure 1 ), these 11 sources make up the the entirety of the GOALS sample with s 9.7µm < -1.75.
For two of these LIRGs, IRAS03582+6012 E and ESO374-IG032, only a poor fit can be made at λ 10 µm and near 10 µm and 18 µm where the deep silicate absorption features are present. In each case, the fit produced from the dust model assumed by CAFE falls below the observed spectrum in these regions suggesting these sources have an excess of hot dust emission contributing below 10 µm. These sources also show the shallowest MIR slopes of the entire sample at F ν [30 µm]/F ν [5 µm] = 9.55 and F ν [30 µm]/F ν [5 µm] = 5.14, respectively. ESO374-IG032 hosts an hydroxyl (OH) megamaser (Kazes et al. 1990; Darling & Giovanelli 2002) which are often indicators of major mergers and large amounts of very dense molecular gas in LIRGs (Baan et al. 1992 ).
Crystalline Silicates at 23 µm
In a few of the heavily obscured sources (s 9.7µm < -1.75), CAFE produces a good quality fit to most of the MIR spectrum, but the detailed structure between 8-10 µm or between 18-20 µm is not well-represented. A different dust model, specifically one that includes the presence of crystalline silicates, might be necessary to explain the detailed spectral structure in these obscured sources. Crystalline silicates appear as absorption features at 11, 16, 19, 23, and 28 µm. The overlap that occurs with the stronger, broader absorption features at 9.7 and 18.5 µm due to amorphous silicate grains affects the shape and depth of the broad absorption features which then cannot be reproduced well by CAFE. Crystalline silicates, specifically the Mg 2 SiO 4 molecule, have been shown to be important in the heavily obscured, late merger stage of ULIRGs . The presence of crystalline dust grains indicates ongoing star formation, specifically in the cooler outer regions since they are observed in absorption, and, given the strength of the features relative to those produced by amorphous silicates, Spoon et al. (2006) suggest the crystalline silicates observed in the heavily obscured ULIRGs are produced by massive stars on short timescales.
The crystalline silicate feature at 23 µm is the feature most clearly seen at the resolutions of the SL and LL IRS (15) 2 3 4 5 EQW < 0.27µm 0.27µm < EQW < 0.41µm 0.41µm < EQW < 0.54µm EQW > 0.54µm
(where L 8µm is the broadband 8 µm luminosity) as a function of lef t: PAH contribution to the IR luminosity at 8 µm, middle: the ratio of the 7.7 µm and 11.3 µm PAH features and right: the continuum flux ratio f(24 µm)/f(15 µm) for 203 GOALS galaxies. The main sequence followed by normal, star-forming galaxies (±1σ) is shown as dashed (solid) lines. A rough correlation for sources with EQW 6.2µm ≥0.41 µm (shown by the dashed-dotted line) is observed between the PAH contribution to the flux at 8 µm and IR8 (left), although IR8 increases by nearly an order of magnitude while the PAH fraction decreases by only a factor of ∼1.4 (left panel). There is no link between IR8 and the grain size distribution or ionization state (middle panel), while IR8 increases with increasing f(24 µm)/f(15 µm) at all equivalent widths. modules and is detected in 8 LIRGs and 6 ULIRGs of the GOALS sample. Four of these six ULIRGs (Arp220, IRAS08572+3915, IRAS15250+3609, and IRAS20551-4250) were included in the higher resolution Spoon et al. (2006) study of 12 ULIRGs for which crystalline silicate features at 23 µm as well as at 11, 16, 19, and 28 µm were reported. In Figure 10 , we plot the residual optical depth spectra for the remaining 2 ULIRGs and 8 additional LIRGs for which we detect the 23 µm crystalline silicate feature. We consider the crystalline silicates at 23 µm detected if the feature is 3σ in the residual optical depth spectrum (i.e. the original source spectrum with the CAFE fits to the amorphous cool and warm dust components removed). In Figure 11 , we show that while ∼6% of the overall GOALS sample is detected in crystalline silicates at 23 µm, all of these detections have s 9.7µm < -1.24, and thus ∼70% of these more obscured LIRGs and ULIRGs are detected in crystalline silicates over a range in EQW 6.2µm .
3.5.3. Ice Absorption at 6.0 µm Another form of opacity arises near 6.0 µm in the form of water ice absorption. The first extragalactic detections of this absorption feature were in the LIRG NGC4418 (Spoon et al. 2001 , also in the GOALS sample) and in the ULIRG IRAS00183-7111 (Tran et al. 2001) . The application of CAFE allows for the untangling of even weak to moderate ices from the nearby 6.2-µm PAH feature and continuum, as well as for the strongest ice absorption features. To produce an accurate fit, 37 GOALS galaxies (15%) require the inclusion of an ice absorption component at 6.0 µm and the measured τ ice values are given in Table 1 . Thirteen of these sources are ULIRGs for a detection rate of 56.5% among ULIRGs, similar to the rate found for the ULIRGs in an ISO study of a sample of 103 IR galaxies (Spoon et al. 2002) . The remaining 24 water ice detections were found in LIRGs for a detection rate of 10.7% among LIRGs which is comparable to that observed for the lower luminosity starbursts (Brandl et al. 2006) .
Galactic observations of water ice absorption features are usually attributed to icy mantles of frozen water molecules surrounding silicate dust grains (Whittet et al. 1996; Keane et al. 2001) . Such a scenario would suggest a tight relationship between τ ice and τ 9.7µm . As shown for the GOALS LIRGs (open circles) and ULIRGs (red triangles) in the right panel of Figure 12 , among those galaxies that show ice absorption features, there is a general trend for icier sources to also be dustier. However, even the dustiest sources can still have no ice features.
Since the absorption feature at 6.0 µm usually overlaps with the 6.2-µm PAH emission feature, the equivalent width of the PAH feature must be measured slightly differently in icy sources. As described in Stierwalt et al. (2013) , for the GOALS sources, the ice absorption is assumed to affect the underlying continuum but not the PAH emission, and the EW 6.2µm is calculated using the absorption-corrected continuum following the method described in Spoon et al. (2007) . Therefore, a strong ice feature can lower the apparent continuum and thus artificially raise the EQW 6.2µm , in some cases by 10-20%. The optical depth of the water ice absorption feature τ ice is plotted as a function of 6.2µm PAH EQW in the left panel of Figure 12 . Of the 24 LIRGs (open circles) where ices are present, only four have EQW 6.2µm ≥0.54 µm and no starburst galaxies with EQW 6.2µm >0.7 µm show any water ice absorption at all. There is a general trend for the sources with the strongest ice absorption to have the smallest EQW 6.2µm . Despite composing a much smaller fraction of the GOALS sample, LIRGs with low EQW 6.2µm <0.27 µm (i.e. LIRGs likely dominated by an AGN) make up 1/3 (8 out of 24) of the LIRGs with -Low Resolution IRS Spectra with CAFE spectral decomposition results for 10 GOALS galaxies with the deepest 9.7-µm silicate absorption. Together with IRAS08572+3915 (shown in Figure 1 ), these 11 sources make up the entirety of the GOALS sample with s 9.7µm < -1.75. The overall fitted model is shown in yellow and model components are color-coded as in Figure 1 . The s 9.7µm value is given after each source name in brackets.
water ice detections. However, the majority of the iciest sources are still ULIRGs (red triangles).
Together, both panels in Figure 12 suggest that a special set of conditions are required for ices to survive. The correlation between τ 9.7µm and τ ice for icy sources supports the idea that ices form as mantles around silicate dust grains. Silicates tend to build up in the nuclei of merging LIRG and ULIRG systems as the merger progresses (Stierwalt et al. 2013 ) but so may the contribution from an AGN which can dominate the MIR emission and heat the surrounding dust so that ices cannot form. Thus a galaxy must have enough silicate dust to support the existence of icy mantles, but the effects of its AGN must also be weak enough to keep the surrounding dust cool (70 µm/24 µm 7) to allow for ices. These conditions are not typically met in starbursting LIRGs that are not heavily obscured. In ULIRGs, however, there is typically a significant amount of molecular hydrogen gas and dust that has been funneled into the galaxy core allowing for self-shielding by the silicate grains from the influence of any present AGN. Thus the detection rate of ices is much higher among ULIRGs (as was observed for ISO spectra by Spoon et al. 2002) and composite LIRGs (0.27 µm ≤ EQW 6.2µm < 0.54 µm).
We also note that in an analysis of the dust features in the ULIRG IRAS08572+3915, Dartois et al. (2007) present compelling evidence that part or all of the absorption in the 5.7-7 µm range is not associated with water ice absorption but instead originates in carbonaceous materials associated with the absorption features seen at 6.85 and 7.25 µm. This type of absorption may dominate over that due to ices in sources like IRAS08572+3915 and ESO374-IG032, discussed in Section 3.5.1, given their warm SEDs.
Comparison of PAHs with UV Properties
While PAH emission can be used as an effective proxy for ongoing star formation because it traces the PDRs and is relatively immune to the effects of extinction, a more direct tracer of young/moderate age -Residual Optical Depth spectra from 18-28 µm for the 8 LIRGs and 2 of the 6 ULIRGs for which a crystalline silicate feature at 23 µm is observed in the low resolution spectra in order of decreasing silicate strength, s 9.7µm . (The remaining 4 ULIRGs for which the feature is also detected, Arp220, IRAS08572+3915, IRAS15250+3609, and IRAS20551-4250, were included in the Spoon et al. (2006) high resolution crystalline silicate study and so are not reproduced here.) stars (A to OB type) is the detection of UV emission from their photospheres. Empirical starburst reddening relations have been observed for normal, lower luminosity galaxies (Cortese et al. 2006 Meurer et al. 1999) , and for UVselected galaxies (Seibert et al. 2005) . Charlot & Fall (2000) suggest that the relation between IR excess (IRX=log(FIR/FUV)) and UV slope (β) is a sequence of effective optical depth for star forming late-type galaxies. As a consequence, one can estimate the IR luminosity of a source, albeit with considerable uncertainty, from rest frame UV observations even when little is known about the intrinsic dust attenuation, as is often the case for dusty galaxies at high redshift (i.e. Reddy et al. 2012) . As part of the larger GOALS legacy project, 135 LIRGs were observed by GALEX and compared to Spitzer imaging to determine whether or not such dusty galaxies also followed a similar starburst reddening relation. Howell et al. (2010) found that LIRGs cover a wide range in IRX and β, with many sources falling between normal star-forming galaxies and ULIRGs, which typically have very high IRX and lie off the normal starburst IRX-β relation (Meurer et al. 1999) . In these LIRGs, the UV emission is likely "decoupled" from the source of most of the IR light. In addition, LIRGs can scatter to high β at relatively low IRX, and in these sources the red UV colors may indicate significant populations of older stars that dominate the GALEX bands.
The IRX-β relation determined by Howell et al. (2010) is re-plotted in Figure 13 but here we color code the galaxies by L(PAH)/L(IR) (left panel) and by s 9.7µm (right panel). The average IRX for each colored bin is marked by a horizontal line. On average, more obscured LIRGs with PAH emission that contributes <10% to the total LIR tend to have a higher IRX than LIRGs with less silicate obscuration and more significant PAH emission. However, the mean values are all consistent within a standard deviation, and LIRGs at all silicate depths and L(PAH)/L(IR) are observed to cover the full In Figure 14 , we examine directly whether the amount of obscuring silicate dust or the presence of a weak AGN contributes to the observed decoupling of the IR and UV emission by comparing ∆IRX to s 9.7µm and EQW 6.2µm . Most (22 of 29) LIRGs with EQW 6.2µm <0.3 µm, including those that are highly obscured (s 9.7µm <-1.75), have positive ∆IRX. Howell et al. (2010) also saw a positive ∆IRX for the GOALS LIRGs observed to have IRAC colors indicative of the presence of an AGN. However, as also shown in Figure 14 , there are starbursting LIRGs (EQW 6.2µm ≥0.54) with no signs of an AGN and completely unobscured LIRGs (s 9.7µm > 0) that deviate just as much from the IRX-β starburst relation as their lower EQW, more obscured counterparts. Thus high IRX is not exclusively associated with low EQW 6.2µm .
DISCUSSION

Warm Molecular Hydrogen in LIRGs
The rotational lines of warm molecular hydrogen (H 2 ) have three main sources of excitation in luminous IR galaxies: UV photons from young stars, AGN via UV, soft, or hard X-ray photons, and shocks (see for exam- and higher silicate optical depths tend to have higher IRX on average but no real correlation is observed. The black solid line marks the relation followed by starbursts (Meurer et al. 1999 ).
ple Higdon et al. 2006; Ogle et al. 2010; Guillard et al. 2012) . When far-UV photons emitted by massive stars are absorbed by dust grains, the resulting de-excitation produces PAH emission, while the subsequent release of photoelectrons heats the surrounding gas leading to the emission of H 2 lines. Shocks arising from colliding molecular clouds, molecular gas outflows, or supernova remnants, as well as X-ray emission from an AGN, can heat and ionize any surrounding H 2 , but do not excite the PAH molecules found in PDRs. Thus linking warm H 2 and PAH emission can help determine the mechanism responsible for the H 2 lines observed in the MIR.
Several of the lowest energy pure-rotational transitions in the H 2 molecule are observed in the MIR between 1-30 µm. After eliminating the ten spectra for which firm detections are not possible (5 with off-center SL slit placements, 4 without complete low resolution IRS data, and 1 which saturates the spectrograph, see Section 2.3), 97.5% of GOALS galaxies are detected in at least one of Figure 13 ). the four lowest transitions (H 2 S(0) at 28.2 µm, H 2 S(1) at 17.0 µm, H 2 S(2) at 12.3 µm, and H 2 S(3) at 9.7 µm). The H 2 S(3) line which falls directly in the middle of the 9.7-µm silicate absorption feature has the highest detection rate and is observed in ∼90% of our sources. The H 2 S(0) line has the lowest detection rate (in part due to the lower sensitivity of the LL1 module compared to SL) and is observed in only 6% of the sample. Line fluxes (and the associated uncertainties) derived from the low resolution spectra for the seven lowest H 2 transitions (H 2 S(0) to H 2 S(7)) were given in Table 2 . Upper limits are set at 3σ of the residual after fits to the dust continuum and PAH emission features are subtracted. For the determination of fluxes and upper limits for sources without adequate fits from CAFE due to an overall lack of spectral features in the MIR (Section 2.3), an unusually shallow spectral slope (Section 3.5.1), or crystalline silicates (Section 3.5.2), the continuum is determined via a spline fit to the spectrum covering 0.5Å on either side of the line. These sources are all marked with an asterisk in Table 2 .
Linking PAHs & Warm H2
In low luminosity star-forming galaxies, the luminosity ratio L(H 2 )/L(PAH) is roughly constant (albeit with a fairly large scatter) over several orders of magnitude in L(H 2 ) (SINGS; Roussel et al. 2007 ) suggesting that both the observed H 2 and PAH emission mainly arise from PDRs. AGN, however, show L(H 2 )/L(PAH) ratios higher by factors of 15-16 (Roussel et al. 2007 ) suggesting an enhancement in the H 2 emission, a decrease in PAH emission, or both compared to normal, star-forming galaxies. In Figure 15 , we plot the ratio of H 2 -to-PAH emission as a function of H 2 luminosity for the GOALS sample. Since we are examining both extinction and excitation effects, we do not correct either the H 2 emission lines or the PAH fluxes for extinction in Figure 15 . To represent L(H 2 ) we use only the three lowest transitions (H 2 (S0-S2)) as the H 2 S(3) line is most likely to be affected by the silicate absorption at 9.7 µm (although the distribution observed in Figure 15 holds if the H 2 S(3) emission is included). For the purposes of comparison to lower luminosity galaxies, we also performed an identical spectral decomposition using CAFE on the low resolution SINGS nuclear spectra (Smith et al. 2007b; Roussel et al. 2007 ) (represented by black asterisks and open diamonds). When quoting the L(H 2 )/L(PAH) ratio, L(PAH) represents the luminosity of the 7.7-µm and 8.6-µm PAH complexes 21 . A clear trend of increasing H 2 -to-PAH ratio with increasing L(H 2 ) is seen in Figure 15 for the GOALS sample as a whole (filled circles, open squares, and stars, all color coded by EQW 6.2µm as detailed in the legend). While there are a number of starburst-dominated GOALS sources with L(H 2 )/L(PAH) values consistent with the nearly constant value found for lower luminosity star-forming SINGS galaxies (solid line), most of the GOALS sample lies well above this value. Combining the data from both the SINGS and GOALS samples, a threshold is reached near L(H 2 )∼ 10 7 L ⊙ where the L(H 2 )/L(PAH) ratio changes from a roughly constant (low) value (open diamonds and the solid line) to an increasing function of L(H 2 ). The fact that the rising L(H 2 )/L(PAH) ratio is seen among the pure starburst LIRGs (i.e. those lacking enough hot dust in the MIR to decrease the EQW 6.2µm and thus indicate an AGN) is evidence that it is not the presence of an AGN that drives up the L(H 2 )/L(PAH) ratio among LIRGs. In fact, of the 102 highest equivalent width sources (EQW 6.2µm >0.54 µm; blue stars), only eight have any indication of an AGN at all (based on a detection of the [NeV] line; Petric et al. (2011) ). As discussed in more detail in Sections 4.1.2 & 4.1.3, turbulence and shocks also present in star forming systems can result in enhanced L(H 2 )/L(PAH) ratios (see also Cluver et al. 2010; Lesaffre et al. 2013) .
Some process directly associated with the star formation must also result in enhanced L(H 2 )/L(PAH) ratios in these LIRGs. The six GOALS sources with no detectable MIR H 2 emission in the low resolution spectra also have very low PAH equivalent width (i.e. EQW 6.2µm < 0.05 µm) and are likely to harbor AGN.
Enhanced H2 Emitters
To more clearly separate those GOALS galaxies that have high L(H 2 )/L(PAH) luminosity ratios due to ex- cess H 2 emission rather than weak PAHs, we plot the Figure 16 . Most of the LIRGs with the highest L(H 2 )/L(PAH) ratios have EQW 6.2µm <0.54 µm. In those LIRGs with high L(H 2 )/L(PAH) but below average H 2 emission (i.e. log(L(H 2 )/L(IR)) < −3.5, the median for the GOALS sample; upper left in Figure 16 ), supressed PAH emission likely drives up the L(H 2 )/L(PAH) ratios. In ∼10% of GOALS LIRGs, however, log(L(H 2 )/L(PAH)) > -1.5 and log(L(H 2 )/L(IR)) > −3.5, thus affirming their L(H 2 )/L(PAH) luminosity ratios are high due to excess H 2 emission and not simply caused by weak PAH emission. Such enhanced H 2 emission likely requires the presence of X-rays or shocks produced by either an intense starburst or by AGN outflows. The MIR spectra for a sampling of these enhanced H 2 emitters are shown in Figure 17 .
Also shown in Figure 16 is an approximate translation of the upper limit set by PDR models in which both the warm H 2 and PAHs are directly heated by young stars (dashed purple line). We adopt the limiting PDR ratio presented in Guillard et al. (2012) as derived from the Meudon models (assuming n H =10 4 cm −3 and G UV = 10; Le Petit et al. 2006 ). Since Guillard et al. (2012) use different H 2 emission line and PAH features to represent the L(H 2 )/L(PAH) ratio, we adjust their reported value for this upper limit by a multiplicative factor of 0.6, the average ratio between L(H 2 )/L(PAH) for GOALS galaxies calculated using the H 2 S(0-3) and 7.7 µm PAH features (as in Guillard et al. 2012 ) and using the H 2 S(0-2) and both the 7.7 and 8 µm PAH features (as presented in this work). Thus, while the GOALS LIRGs have high L(H 2 )/L(PAH) ratios compared to lower luminosity starforming galaxies (as seen in Figure 15 ), the majority still lie below the maximum value set by PDR models, and so their higher L(H 2 )/L(PAH) ratios may still be associated with PDRs. 
for 194 GOALS galaxies color-coded by EQW 6.2µm . The dashed purple line indicates the upper limit on the L(H 2 )/L(PAH) ratio that is consistent with PDR emission as derived from the Meudon PDR models (assuming n H =10 4 cm −3 and G U V = 10; Le Petit et al. 2006 ) and presented in Guillard et al. (2012) . The six galaxies with notably high H 2 emission labeled in Figure 15 are marked by the same numbers here (i.e. 1=NGC1961; 2=IRASF16399-0937; 3=NGC3690 E; 4=NGC6240; 5=IRAS01364-1042; 6=ESO507-G070).
X-rays produced by AGN can also heat the surrounding H 2 , and a subset of the GOALS sample has been observed in X-ray emission (Iwasawa et al. 2011 ). For LIRGs with enhanced H 2 emission (upper right in Figure 16) , the average X-ray hardness ratio (i.e. X-ray color as defined by HR = (Hard -Soft)/(Hard + Soft)) and the average ratio of soft X-ray-to-IR luminosity are within 1σ of the same values averaged for sources consistent with the limiting ratio set by PDR models (i.e. log( L(H 2 )/L(PAH)) < −1.8). Thus X-ray heating is unlikely to be the only excitation mechanism producing the excess H 2 seen in Figures 15, 16 , & 17.
High velocity molecular outflows have recently been seen in some AGN-dominated ULIRGs like Mrk 231 with Herschel (Fischer et al. 2010; Feruglio et al. 2010; Sturm et al. 2011; Spoon et al. 2013) , and nuclear outflows on sub-kpc scales have been observed via the line profiles of cold molecular gas in the nearby ULIRG system Arp220 (Sakamoto et al. 2009; González-Alfonso et al. 2012 ) and in stacked local ULIRG spectra (Chung et al. 2011) .
These detections are consistent with the production of shocks in the process of feedback on the interstellar medium. Based on a link between warm H 2 and [FeII] emission, Hill & Zakamska (2013) cite shocks as the cause of the enhanced warm H2 emission in ULIRGs. Of the 16 GOALS LIRGs observed with the largest excess of warm H 2 emission (log(L(H 2 )/L(PAH)) > -1.3), none have observed velocity offsets (δv>200 km/s) as observed for the H 2 S(0-3) emission lines in the high resolution IRS spectra. However, eight show at least one of the H 2 lines to be spectroscopically resolved (FWHM > 600 km/s) and four have at least one nearly resolved H 2 emission line (525 km/s < FWHM < 600 km/s). So although there is no clear evidence for bulk motion from an outflow, shocks may still be stirring up the molecular gas in these systems and causing the excess H 2 emission. The remaining four galaxies with high L(H 2 )/L(PAH) are likely AGN-dominated (EQW 6.2µm < 0.27 µm) and thus are stronger candidates for X-ray excited H 2 . However, the [NeV] emission line, usually an indicator of a strong AGN, is only detected in one of these four LIRGs, NGC6240 (Petric et al. 2011) .
Although the LINER galaxy NGC1961 does not have an exceptionally high L(H 2 ), it stands out in Figure 15 as having the largest L(H 2 )/L(PAH) ratio in our sample. The H 2 luminosity for NGC1961 is lower than that for NGC6240 (a well-studied bright H 2 emitter, see Armus et al. 2006 ), but the L(H 2 )/L(PAH) ratio is nearly 3 times brighter in NGC1961 and is actually similar to those observed for the extreme H 2 emitters called MOHEGs (molecular hydrogen emitting galaxies; Ogle et al. 2010) . Just as shocks are cited as the cause of the elevated warm H 2 emission in MOHEGs, shocks or a possible outflow likely play a significant role in elevating the L(H 2 )/L(PAH) ratio in NGC1961.
Optical integral field (IFU) observations of U/LIRGs lend further support for shocks as a mechanism driving elevated H 2 emission. IFU observations have revealed extended LINER-like emission in the absence of AGN activity (Monreal-Ibero et al. 2006 , 2010 Rich et al. 2011 ). This emission is correlated with an increase in velocity dispersion and in some instances with observed outflows, both of which indicate shocked gas is driving the extended LINER emission in U/LIRGs. Further, although shock emission cannot account for a substantial portion of the energy budget in merging U/LIRGs, shocks can strongly affect observed line emission; in the optical they may account for up to half of the observed line emission in some later stage mergers (Rich et al. 2014 ).
Warm H2 Emission Outside of PDRs
In a study of local ULIRGs, Zakamska (2010) suggest that a significant fraction of the warm H 2 emission is produced outside of PDRs, because the L(H 2 )/L(PAH) ratio increases with silicate optical depth. The relation between the dust obscuration and the L(H 2 )/L(PAH) ratio for the GOALS sample is examined directly in the left panel of Figure 18 . At low levels of dust obscuration (s 9.7µm >-0.5) where almost all of the starburstdominated LIRGs (EQW 6.2µm ≥0.54) are found, there is no correlation between the L(H 2 )/L(PAH) ratio and silicate depth. As the level of obscuration increases, the distribution of sources begins to shift to higher luminosity ratios until reaching the most highly obscured sources (s 9.7µm <-1.75) which, given a reliable 7.7-µm PAH detection, are all found in our sample of extreme H 2 emitters (marked by X's).
The substantial scatter in the left panel of Figure 18 does not reveal the correlation among the GOALS LIRGs that was observed for ULIRGs (Zakamska 2010) . However, there is a noticeable dearth of obscured sources with low L(H 2 )/L(PAH), possibly due to a combination of the selective extinction and excitation. The GOALS ULIRGs (marked by open circles) also exhibit more of a correlation for increasing L(H 2 )/L(PAH) with increasing silicate strength than is observed for the GOALS sample as a whole. Thus, the processes at work to excite warm H 2 emission outside of PDRs (i.e. shocks via starburst or AGN driven outflows or X-ray heating via an AGN) may be more common in ULIRG environments.
Also shown in the right panel of Figure 18 is a trend of increasing L(H 2 )/L(PAH) with decreasing PAH equivalent width (right panel). The relation has a larger dispersion at low EQW 6.2µm where there are fewer GOALS sources. The luminosity ratio is best described as decreasing with increasing EQW for EQW 6.2µm ≥ 0.41 µm (e.g. log(L(H 2 )/L(P AH)) = −1(±0.1) − 1.4(±0.2)×EQW 6.2µm for blue stars and green squares). The lower equivalent width sources (EQW 6.2µm < 0.41 µm; orange squares and red circles) are roughly consistent with this trend but with an increased scatter. The mean ratios for the lowest (red circles) and the highest (blue stars) equivalent width bins are offset by a factor of 3 (red and blue dashed lines).
While the underlying physics behind the increasing luminosity ratio observed in Figure 15 is not entirely clear, taken together, Figures 15, 16 , & 18 suggest it may reflect a few different physical processes. Some of the most heavily obscured LIRGs have elevated L(H 2 )/L(PAH) ratios compared to the majority of the star-forming LIRGs (left panel of Figure 18 ), but not all. On average, lower equivalent width sources have higher L(H 2 )/L(PAH) ratios (right panel of Figure 18 ) suggesting PAH emission may simply be lower in the sources with high L(H 2 )/L(PAH) or the hot dust may be rising while the PAH emission remains steady. However, the extreme emitters cover a range of equivalent widths, and we find no correlation between L(H 2 )/L(PAH) and the compactness of the source (as traced by IR8 =L IR /L 8µm ). Thus, none of these processes (i.e. preferential extinction of PAHs over H 2 , decreased PAH emission, or a rising hot dust continuum) are individually driving the enhanced ratio for all or even the majority of LIRGs.
Finally, Figure 19 shows that while enhanced L(H 2 )/L(PAH) emission compared to low-luminosity SF galaxies (Roussel et al. 2007 ) is found in LIRGs of all merger stages, there is a trend of rising L(H 2 )/L(PAH) on average (red squares) for late-stage mergers. Sources with excess H 2 emission from the GOALS sample (blue squares; discussed in Section 4.1.2) are only found in mid-to late-merger stages. Later merger stages have also been linked to higher L(IR), higher dust temperatures, and increased starburst strength (i.e. Stierwalt et al. 2013; Inami et al. 2013) , and thus the higher L(H 2 )/L(PAH) may be associated with more powerful starbursts.
PAHs and MIR-Weak AGN
Previous PAH studies have claimed that galaxies hosting an AGN separate themselves on PAH feature ratio plots, favoring lower L(7.7µm Complex)/L(11.3µm Complex) ratios (Wu et al. 2010; O'Dowd et al. 2009 ). These studies credit the preferential destruction of smaller PAHs by the AGN for the lowered ratio, but have only a small number of data points (i.e. sources with an AGN that is weak enough that PAH emission is still detected).
For a sample of LIRGs at slightly higher redshifts (0.02 < z < 0.6), Shipley et al. (2013) find that LIRGs with an AGN do not favor lower L(7.7µm Complex)/L(11.3µm Complex) ratios and blame aperture effects for damping out this effect. However, Shipley et al. (2013) still find that half of their AGN sources dominate the extreme low end of the PAH ratio, and their low-EQW sources are not scattered with the same increased dispersion observed by the AGN-dominated sources in GOALS (see Figures 2, 4 , & 5). The clearest evidence that galaxies containing an AGN skew toward lower L(7.7µm Complex)/L(11.3µm Complex) ratios is observed for the normal, star-forming galaxies of the SINGS sample (Smith et al. 2007b ). Because the sources with the lowest PAH feature ratios (i.e. L(7.7µm Complex)/L(11.3µm Complex) < 2) were those that showed spectral signatures indicative of an AGN, Smith et al. (2007b) concluded this large spread was likely due to the preferential destruction of smaller dust grains caused by the presence of an AGN.
Within the GOALS sample, AGN contribute <15% of the luminosity in the infrared (Petric et al. 2011) and in order to assess their influence on the PAHs, we consider here only those sources with a relatively "weak" AGN not strong enough to have overwhelmed 
/L(PAH) for 104 GOALS galaxies traced through merger stage. Mergers (Stages 1-6) are represented by the 58 GOALS galaxies for which high resolution HST imaging is available (see Haan et al. 2011 ) and for which reliable PAH and H 2 measurements were determined. The 46 nonmergers (Stage N ) are classified using IRAC 3.6 µm images and the literature (see Stierwalt et al. 2013, for details.) . Mean values for each merger stage clipped at 3σ are shown in red with their associated standard deviations. The extreme H 2 emitters (blue squares) are all mid-to late-stage mergers.
all of the PAH emission (i.e. those sources with 0 < EQW 6.2µm < 0.27 µm). Despite covering the same range as the SINGS sample in L(11.3µm Complex)/L(17µm Complex), L(6.2µm)/L(7.7µm Complex), and L( [NeIII] 15.6µm)/L([NeII] 12.8µm), the GOALS LIRGs and ULIRGs do not produce a similarly large range in L(7.7µm Complex)/L(11.3µm Complex) (see Figure 5) , nor do LIRGs with signatures of a weak AGN favor low L(7.7µm Complex)/L(11.3µm Complex) ratios. In the remainder of this section, we explore four potential causes for this differing behavior between the SINGs and GOALS galaxies: 1) the differing median distance for the two samples, 2) larger errors associated, almost by definition, with the PAH fluxes for lower-EQW GOALS sources, 3) different dust characteristics in LIRGs versus normal, lower luminosity star-forming galaxies, or 4) differing AGN behavior between the two samples.
The staring mode observations presented here are all aimed at representing the nuclear region of each GOALS galaxy. However, depending on the size and distance of each galaxy, the portion of the galaxy contained within the IRS slit changes. The nuclear spectra for the SINGS sample were derived from mapping mode observations and thus the sizes of the extraction apertures were tailored for each galaxy based on distance to only focus on the nucleus (Smith et al. 2007b ). The median distance of the SINGS galaxy sample is also only 10 Mpc (Dale et al. 2007 ), compared to the GOALS median distance of 100 Mpc. With a fixed IRS slit size and larger median distance, the nuclear GOALS spectra will in some cases be contaminated by emission outside the nucleus. If the distribution of the 7.7-µm PAH were more extended beyond the nucleus than the 11.3-µm PAH, the lack of GOALS sources with low L(7.7µm Complex)/L(11.3µm Complex) could be explained by extra-nuclear emission falling within the slit. However, the opposite was shown to be true for the GOALS LIRGs: the 11.3-µm PAH appears more extended than the other PAH features (Díaz-Santos et al. 2011 ). There are also several GOALS LIRGs that likely have a contribution from a weak AGN (0 < EQW 6.2µm < 0.27 µm) but do not have a low L(7.7µm Complex)/L(11.3µm Complex) PAH ratio despite being nearby (D < 60 Mpc). Thus distance cannot entirely explain the differences in the PAH feature ratio observed between the GOALS and SINGS samples.
As shown in Figures 2, 4 , & 5, LIRGs with low PAH equivalent widths are not offset in their PAH feature ratios but instead show a larger dispersion in PAH values than their starbursting counterparts. Low EQW 6.2µm indicates either low PAH emission overall or high continuum, and lower detected PAH fluxes may decrease the signal-to-noise ratio for PAH detections in low-EQW LIRGs. While the sources with weak PAH emission have larger uncertainties in their PAH ratios, a KolmogorovSmirnov (K-S) test confirms the low and high EQW LIRGs are distinctly different populations at a confidence level of >96%. Even if the errors on the PAH feature ratios are doubled and every low-EQW LIRG is forced inward by this amount toward the center of the distribution for the high-EQW LIRGs, the K-S test still confirms the two distributions as distinct at a 90% confidence level. Even if higher uncertainties do contribute in a small way to the higher dispersion among low-EQW LIRGs, it is highly unlikely that errors might be so large that any GOALS galaxies would actually have L(7.7µm Complex)/L(11.3µm Complex) < 2 to match the ratios observed for the SINGS AGN.
Since PAH feature ratios ultimately tell us about the dust and ISM properties in galaxies (see theoretical tracks in Figure 2 ), the differing ratios between SINGS and GOALS may represent physical differences in the dust grains in normal, star-forming galaxies versus LIRGs and ULIRGs. The rougly constant L(7.7µm Complex)/L(11.3µm Complex) ratio observed for GOALS could be caused by competing effects: the presence of an AGN may destroy smaller PAH molecules causing a decrease in the 7.7-µm PAH emission, while the AGN also ionizes those PAHs, causing the relative emission from the neutral 11.3-µm PAH to decrease. These two effects may be equally important in the GOALS LIRGs, having the net outcome a constant PAH ratio, while the destruction of small PAH grains may dominate in the lower luminosity SINGS galaxies.
However, if competing processes are at work to produce Figure 5 , we would expect the effects of the destruction of the smaller PAHs to be more pronounced in the L(6.2µm)/L(7.7µm Complex) ratio in Figure 2 or in the L(11.3µm Complex)/L(17µm Complex) ratio in Figure 4 which are not expected to depend on the ionization state of the grains. Thus the differing L(7.7µm Complex)/L(11.3µm Complex) ratios may instead be due to the relative power of the AGNs themselves and/or their viewing geometry.
Significant 7.7 µm PAH destruction like that found for SINGS is not observed for the GOALS LIRGs and ULIRGs. However, as shown in Figure 20 , the sources that come closest to showing such an effect (i.e. those with the lowest L(7.7µm Complex)/L(11.3µm Complex) ratio), are also observed to have high L(H 2 )/L(PAH). Thus, the mechanism responsible for elevating the L(H 2 )/L(PAH) ratio may also be destroying the 7.7 µm PAHs (although less effectively than the small grain destruction via AGN observed for SINGS galaxies). All of the sources with high L(H 2 )/L(PAH) do not also have low L(7.7µm Complex)/L(11.3µm Complex) ratios, but that is as expected. As discussed in Section 4.1, there are likely a variety of causes for the elevated L(H2)/L(PAH) ratios, and some may be more effective at also destroying 7.7 µm PAHs than others. One source with both exceptionally high L(H2)/L(PAH) and low L(7.7µm Complex)/L(11.3µm Complex) is NGC1961 (labeled in Figure 20 ) which, as discussed in Section 4.1.2, is a strong candidate for shocks playing a significant role in the resulting emission in the MIR.
CONCLUSIONS
We presented the detailed multi-component spectral decomposition of the low resolution IRS spectra for 244 galaxy nuclei in the GOALS sample of 180 LIRGs and 22 ULIRGs. The GOALS galaxies cover a range of spectral types, silicate strengths, and merger stages, and represent a complete subset of the IRAS Revised Bright Galaxy Sample. We have investigated the MIR properties derived from the spectral fits and concluded the following: 1) Despite the wide range of MIR spectral properties observed for the GOALS U/LIRGs, as long as some PAH emission is detected, little variation is seen in the PAH feature ratios after correcting for extinction. The ranges of the L(6.2µm)/L(7.7µm Complex) and L(11.3µm Complex)/L(17µm Complex) PAH luminosity ratios for the GOALS LIRGs are similar to those observed for the nearby, normal star-forming galaxies from SINGS (Smith et al. 2007b) , the 24-µm-selected galaxies of 5MUSES (Wu et al. 2010) , the UV-selected nearby galaxies in SSGSS (O'Dowd et al. 2009) , and the higher redshift LIRGs of Shipley et al. (2013) . One exception is the L(7.7µm)/L(11.3µm) ratio which reaches much lower values for the SINGS galaxies than for any other sample.
2) The contribution from PAH emission to the total IR luminosity (L(PAH)/L(IR)) in LIRGs varies from 0-23%. LIRG systems containing pairs of galaxies that appear to be prior to their first encounter show higher median L(PAH)/L(IR) ratios than those observed for other LIRGs. Local LIRGs have a constant (high) average EQW 6.2µm over nearly two orders of magnitude in νL ν similar to high redshift SMGs and star forming galaxies at higher νL ν but unlike local ULIRGs which show a trend for decreasing EQW 6.2µm with increasing 24-µm luminosity. This is consistent with the larger sizes and gas fractions observed for SMGs compared to local ULIRGs (i.e. Daddi et al. 2010b; Genzel et al. 2010; Elbaz et al. 2011). 3) No change in the grain size or ionization distribution is observed with IR8, and so the destruction of smaller dust grains is not the cause of the higher IR8 observed in more compact starburst systems. Instead, since the overall flux contribution from the PAHs is decreasing for the higher EQW 6.2µm sources, there instead is likely less PDR emission relative to the emission in the IR. 4) Absorption features similar to those attributed to crystalline silicates ) are observed at 23 µm only once deep levels of silicate absorption are reached (s 9.7µm <1.24) in ∼6% of the GOALS (U)LIRGs. Absorption due to water ices at 6.0 µm is observed in 13 ULIRGs and 24 LIRGs for detection rates of 56.5% among ULIRGs and 10.7% among LIRGs. 5) Although (U)LIRGs with low L(PAH)/L(IR) or deep silicate absorption show higher IRX on average, the spread in these MIR parameters is too large to indicate any correlation with ∆IRX. No other MIR properties were found to correlate with the decoupling of the IR and UV fields, ∆IRX, including EQW 6.2µm and s 9. nosity star-forming galaxies (Roussel et al. 2007 ), most of the GOALS galaxies lie well above this value in an increasing function of L(H 2 ). The fact that the rising L(H 2 )/L(PAH) ratio is seen among the pure starburst LIRGs is evidence that it is not the presence of an AGN that drives up the L(H 2 )/L(PAH) ratio among LIRGs. Turbulence and shocks also present in star forming systems likely result in the observed enhanced L(H 2 )/L(PAH) ratios. 7) A subset of GOALS (U)LIRGs covering a range of EQW 6.2µm show enhanced H 2 emission in excess over that suggested by PDR models which only allow for young stars to excite the H 2 . These galaxies can be identified by their high L(H 2 )/L(PAH) ratio (log(L(H 2 )/L(PAH)) > -1.5). One quarter of these galaxies are dominated by AGN (i.e. EQW 6.2µm <0.27 µm) and thus are strong candidates for X-ray heating of the warm H 2 . However, half of the extreme H 2 emitters show resolved H 2 lines in the high resolution IRS spectra which indicate that the shocks may be stirring up the molecular gas, even in the absence of evidence for larger scale coherent outflows. 8) A correlation between increasing silicate strength and L(H 2 )/L(PAH), like that observed for the Zakamska (2010) sample of ULIRGs, is not observed for the GOALS LIRGs indicating that warm H 2 emitted outside of PDRs does not dominate their MIR H 2 emission. The GOALS ULIRGs are closer to exhibiting such a trend, suggesting that processes at work to excite warm H 2 emission outside of PDRs may be more common in ULIRG environments. Source Name * , * * EQW 6.2 (σ) 6.2µm PAH(σ) 7.7µm PAH(σ) 11.3µm Source Name * , * * EQW 6.2 (σ) 6.2µm PAH(σ) 7.7µm PAH(σ) 11.3µm Source Name * , * * EQW 6.2 (σ) 6.2µm PAH(σ) 7.7µm PAH(σ) 11.3µm Fitted MIR Spectral Parameters of the GOALS Sample. Column (1): Source Name, Column (2): the equivalent width of the 6.2 µm PAH feature in µm as calculated using a spline fit, Columns (3)- (6): the fluxes for the 6.2 µm, 7.7 µm Complex, 11.3 µm Complex, and 17 µm Complex PAH features in units of 10 −12 ergs s −1 cm −2 , Column (7): total PAH luminosity summed from all fitted PAH features in units of 10 9 L ⊙ , Columns (8)- (9): optical depths of the 6.0 µm ice and 9.7 µm silicate features, and Column (10):
), a measure of the total-to-slit flux ratio at 8 µm. A dash indicates that no IRS data were available, and nondetections are left blank. Uncertainties are given in ( ).
* Spectrum could not be adequately fit by spectral decomposition due to the presence of crystalline silicates, an unusually shallow spectral slope, or a lack of features in the MIR (see text). * * Multiple nuclei fall within the larger LL slit. When spectral lines are well-fit, their parameters are given, but they likely represent contributions from both galaxies and so are marked as upper limits. i 6.2µm PAH equivalent width was calculated assuming an icy source. H 2 Line Fluxes the GOALS Sample. Column (1): Source Name, Columns (2)-(7): the fluxes for the H 2 S(0), H 2 S(1), H 2 S(2), H 2 S(3), H 2 S(4), H 2 S(5), H 2 S(6), and H 2 S(7) line features in units of 10 −13 ergs s −1 cm −2 . A dash indicates that no IRS data were available, and 3-σ upper limits are given for nondetections. Uncertainties are given in ( ). * Spectrum could not be adequately fit by spectral decomposition due to the presence of crystalline silicates, an unusually shallow spectral slope, or a lack of features in the MIR (see text). * * Multiple nuclei fall within the larger LL slit. When spectral lines are well-fit, their parameters are given, but they likely represent contributions from both galaxies and so are marked as upper limits.
